Introduction {#sec1-1}
============

Language is one of the highest cognitive functions of the human brain (Colom et al., 2010). The linguistic function distinguishes humans from other species, and it can influence the process of learning and cognitive development in the immature brain (Colom et al., 2010; Schoon et al., 2010). This linguistic processing requires multifocal brain activation and widespread networks that interconnect specific areas of the brain (Vigneau et al., 2006; Friederici, 2011). For example, people have to receive clues from environmental stimuli and determine how those stimuli convey meanings. Then, in order to express their emotions and thoughts, they are required to select proper vocabularies using their memory function and combine these words correctly in accordance with grammar (Rescorla and Mirak, 1997).

In the past, a number of studies investigated the linguistic developmental process using behavioral assessments (Feldman, 2007; Simms, 2007). Radiologic evaluation techniques were also used in several previous studies of language development (Holland et al., 2001; Lidzba et al., 2011). However, there were few studies to reveal the detailed developmental process of connecting tracts at the subcortical level where the arcuate fasciculus (AF) is located.

Diffusion tensor tractography (DTT), derived from diffusion tensor imaging (DTI), is a powerful modality for investigation of neural tracts in vivo. It can also provide quantitative, directional information on neural tracts at the subcortical level (Assaf and Pasternak, 2008; Neil, 2008). Therefore, DTI has frequently been used for assessment of neural tracts such as AF, which is regarded as an important neural tract for language ability, connecting Wernicke\'s area and Broca\'s area (Catani et al., 2005; Catani and Mesulam, 2008; Glasser and Rilling, 2008; Kim and Jang, 2013). Using DTI, Catani et al. (2005) reported an analytical method for dividing the AF. Wakana et al. (2007) provided protocols for analysis of the direct AF tract connecting the inferior frontal and superior temporal cortices (Wakana et al., 2007). These suggestions have been used in several other studies using DTI (Eluvathingal et al., 2007; Catani and Mesulam, 2008; Lawes et al., 2008; Hasan et al., 2010). However, no quantitative assessment of developmental changes of AF subcomponents in tensor metrics from birth through adolescence has been reported. Therefore, using subcomponent DTI analysis, we investigated the radiologic developmental process of the AF in typically developing volunteers from infants to adolescents.

Subjects and Methods {#sec1-2}
====================

Subjects {#sec2-1}
--------

A total of 96 typically developing subjects were recruited *via* advertisement (mean age 6.79 ± 4.23 years; range 0 to 14 years; 51 males/45 females) according to the following criteria: (1) subjects delivered after 37 weeks, and with an uncomplicated birth; (2) subjects diagnosed with a normal neurologic developmental state by pediatric neurologists using several developmental tests according to their age, such as the Denver Developmental Delay Screening Test (DDST) or Korean-Ages and Stages Questionnaires (K-ASQ) (Frankenburg et al., 1992; Ga and Kwon, 2011); (3) no specific history of brain trauma or surgery; (4) no specific lesions on conventional brain MRI; (5) absence of any diagnosed genetic syndrome or epilepsy; (6) right handedness diagnosed by pediatric neurologists, however, young infants who did not show definite handedness were also included in this study.

A total of 138 children, who ranged in age from 0 to 14 years, were originally selected. However, 12 children born before 37 weeks of gestation were excluded, and another 11 children were excluded for a history of head trauma or distocia. Of these 118 subjects, six were excluded for abnormal results on the developmental screening test and 13 subjects who showed left handedness or ambidexterity were also excluded. The remaining 96 subjects were enrolled in the study (**[Figure 1](#F1){ref-type="fig"}**).

![Study flow chart.\
DDST: Denver Developmental Delay Screening Test; K-ASQ: Korean-Ages and Stages Questionnaires; AF: arcuate fasciculus.](NRR-11-937-g001){#F1}

Results of DTI and neurologic assessments were provided free to the parents of subjects. Written informed consent was obtained from the parents of all children. The study was approved by the institutional review board at Yeungnam University hospital (PCR-10-31). For statistical analysis of the AF developmental process, subjects were divided into five subgroups according to age: group 1, 0--2 years; group 2, 3--5 years; group 3, 6--8 years; group 4, 9--11 years; group 5, 12--14 years. A prior pilot study, used to determine the minimum sample size for this study, was analyzed using G\*Power3.1 (Heinrich-Heine-UniversitätDüsseldorf, available from: <http://www.gpower.hhu.de/>). The number of each group was found sufficient when *α* error was 0.05 with power of 0.8.

Developmental screening test {#sec2-2}
----------------------------

The DDST or K-ASQ was used for evaluation of neurologic developmental state. The DDST and K-ASQ are reliable and valid methods for assessment of neurologic developmental state in children, and have been widely used in the clinic (Frankenburg et al., 1992; Ga and Kwon, 2011). The K-ASQ, which was published in 1995, is a developmental screening test that is widely used in Korea (Ga and Kwon, 2011). All examinations were performed by pediatric psychologists and six children showing abnormal development state were excluded.

MRI and diffusion tensor imaging (DTI) data acquisition {#sec2-3}
-------------------------------------------------------

DTI data were acquired using the 1.5-T Philips Gyroscan Intera system equipped with a synergy-L Sensitivity Encoding (SENSE) head coil, utilizing a single-shot, spin-echo planar imaging pulse sequence. For each of the 32 noncollinear and noncoplanar diffusion-sensitizing gradients, 67 contiguous slices parallel to the anterior commissure -- posterior commissure line were acquired. Imaging parameters were as follows: acquisition matrix = 96 × 96, reconstructed to matrix = 128 × 128 matrix, field of view (FOV) = 221 × 221 mm^2^, repetition time (TR) = 10,726 ms, echo time (TE) = 76 ms, parallel imaging reduction factor (SENSE factor) = 2, echo-planar imaging (EPI) factor = 49, *b* = 1,000 s/mm^2^, number of excitation (NEX) = 1, and slice thickness of 2.3 mm (acquired isotropic voxel size 2.3 × 2.3 × 2.3 mm^3^).

Removal of eddy current-induced image distortions was performed using affine multi-scale two-dimensional registration at the Oxford Centre for Functional Magnetic Resonance Imaging of Brain (FMRIB) Software Library (FSL; [www.fmrib.ox.ac.uk/fsl](www.fmrib.ox.ac.uk/fsl)) (Smith et al., 2004). DTI-Studio software (CMRM, Johns Hopkins Medical Institute, Baltimore, MD, USA) (Jiang et al., 2006) was used for analysis of AF subcomponents of both sides, which was based on the fiber assignment continuous tracking (FACT) algorithm and the multiple ROIs approach.

Modified Wakana and Catani\'s protocols were used in subcomponent analysis of the AF. For direct AF tract analysis, we used specified analytical criteria of the protocol reported by Wakana et al. (2007), and Catani\'s protocol was applied for analysis of the anterior and posterior AF tracts (Catani et al., 2005; Vandermosten et al., 2012). For the first ROI of posterior AF tract, the lateral location of the sagittal stratum was delineated in the axial slice corresponding with the anterior commissure level. The second ROI of the posterior AF tract was placed to 6--7 upper slices of the first ROI of posterior AF tract. Fibers passing through the body of the superior longitudinal fasciculus in the coronal slice were then excluded. For analysis of anterior AF tract, the first ROI was placed at the body of the superior longitudinal fasciculus in the coronal slice, which was identified as green fiber with a triangular shape. For the second ROI of the anterior AF tract, a coronal slice was selected at the middle of the splenium of the corpus callosum. Fibers passing through the first ROI of posterior AF tract were then excluded. For analysis of the direct AF tract, the first ROI was placed at the same locations of the anterior AF tract. For the second ROI, the lateral location of the sagittal stratum was delineated in the axial slice (**[Figure 2](#F2){ref-type="fig"}**).

![Diffuse tensor imaging tracking of arcuate fasciculus (AF) subcomponents.\
AF-ant connected the inferior parietal cortex with the inferior frontal cortex. AF-post connected the inferior parietal cortex with the superior and middle temporal cortex. AF-dir connected the inferior frontal cortex with the superior temporal cortex. AF-post: Posterior arcuate fasciculus; AF-ant: anterior arcuate fasciculus tract; AF-dir: direct arcuate fasciculus tract; ROI; regions of interest.](NRR-11-937-g002){#F2}

Termination criteria used for fiber tracking were fractional anisotropy (FA) \< 0.2 and angle \< 60° (Kim and Jang, 2013). When the tract was not analyzed according to modified Wakana and Catani\'s protocols, we confirmed non-analysis of each tract by re-analysis using the lowered FA threshold of 0.1. Values of each AF subcomponent in the left and right hemispheres were measured. Success rate of analysis (AR) for each AF subcomponent in the respective age groups was also measured. AF subcomponent tracking was performed by two investigators (HJT & SMS). Inter-rater and intra-rater reproducibility was examined by repeating all measurements for the AF subcomponents of both sides. To measure the inter-observer variation, the data were randomly analyzed by two authors (HJT & SMS), who were blinded to the other\'s analysis data. The AR made by the two analyzers was the same for all subjects. Inter-observer reproducibility calculated using FA values of the two analyzers showed high agreement (all interclass correlation (ICC) ≥ 0.90). This finding indicates a high rate of reproducibility. Therefore, this technique is reliable for evaluation of AFs in pediatric subjects.

All examinations were supervised by a pediatrician experienced in MR imaging procedures. Temperature, pulse oximetry, and electrocardiograph monitoring were applied throughout the MR imaging examination. Each child\'s ears were protected by placement of earplugs in the external ear or neonatal earmuffs.

Statistical analysis {#sec2-4}
--------------------

Statistical analysis was performed in three steps. The first step was the statistical analysis for determination of the effect of age on AF development. Chi-square test was used for comparison of AR in the respective age groups. Pearson\'s correlation analysis was performed for comparison of FA values of AF subcomponents in both hemispheres. In addition, chi-square test and one-way analysis of variance were used for determination of the most critical period in which significant changes occurred between adjacent age groups during the entire developmental process. In the second step, sex difference upon AF maturation was assessed using the chi-square test for comparison of AR. Independent *t*-test was used for comparison of the FA value between male and female subjects in the respective age groups. The third step was to investigate hemispheric asymmetry on AF maturation. AR subcomponents were examined using the chi-square test and FA values between right and left hemispheres were compared using the paired *t*-test. SPSS 18.0 software (SPSS, Chicago, IL, USA) was used for data analysis. A level of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Baseline characteristics of subjects {#sec2-5}
------------------------------------

A total of 96 subjects were classified into five groups according to age. There were no significant differences in subject number and sex distribution between age groups (*P* \> 0.05; **[Table 1](#T1){ref-type="table"}**).

###### 

Characteristics of all included subjects

![](NRR-11-937-g003)

Effects of age {#sec2-6}
--------------

AR of AF subcomponents in the left and right hemispheres are shown in **[Table 2](#T2){ref-type="table"}** and **[Figure 3](#F3){ref-type="fig"}**. Except for posterior AF tract, which showed a nearly completed development level, even in the early age of group 1, all other tracts showed significantly increased AR with age (*P* \< 0.05). **[Figure 3](#F3){ref-type="fig"}** also shows the identical pattern of the AF developmental process applied to all age groups, which showed highest AR in the posterior AF tract, followed by the anterior AF tract, with the lowest in the direct AF tract. This pattern implied the specific sequence for the developmental order, revealing that the posterior AF tract developed first, followed by anterior AF tract, and, finally the direct AF tract in each hemisphere. **[Figure 4](#F4){ref-type="fig"}** shows the correlation between FA values in each subcomponent and subject\'s age. All tracts showed significant correlation with age, except right direct AF tract, which did not reach the completed development level, even in the group 5.

###### 

Success rate of analysis of the arcuate fasciculus (AF) subcomponents in different age groups

![](NRR-11-937-g004)

![Success rate of analysis (AR) for the AF subcomponents in different age groups.\
Chi-square test was used for comparison of AR values. AR values of all subcomponent tracts, except posterior AF tract, showed a significant increase with age (*P* \< 0.05). Left anterior and direct AF tracts showed a higher AR value than the right side. The AR value in the left direct AF tract was significantly increased than that in the right direct AF tract (*P* \< 0.05). Within respective age groups, the AR value of the left direct AF tract was significantly increased with age in groups 3 and 5 (*P* \< 0.05). In all age groups, AR value was highest in the posterior AF tract, followed by the anterior AF tract, and lowest in the direct AF tract. Group 1: 0--2 years, group 2: 3--5 years, group 3: 6--8 years, group 4: 9--11 years, and group 5: 12--14 years; AF: arcuate fasciculus.](NRR-11-937-g005){#F3}

![Correlation between FA values of the AF subcomponents and subject\'s age.\
FA values of all subcomponent tracts, except the right direct AF tract, showed correlation with subject\'s age (*P* \< 0.05). Pearson\'s correlation analysis was performed for comparison of FA values of AF subcomponents in both hemispheres. FA: Fractional anisotropy; AF: arcuate fasciculus.](NRR-11-937-g006){#F4}

Sex differences {#sec2-7}
---------------

In the current study, in general, no definite significant result was observed for sex effect on AF development (**[Table 3](#T3){ref-type="table"}**). However, comparative analysis within respective age groups revealed significant differences between male and female subjects. In group 1, female subjects showed a significantly increased AR of left anterior AF tract compared with male subjects (*P* \< 0.05). FA value of the left posterior AF tract also showed a significant increase in female subjects (*P* \< 0.05). However, in other age groups, no significant differences were observed between male and female subjects.

###### 

Sex difference and hemispheric asymmetry of the AF subcomponents

![](NRR-11-937-g007)

Hemispheric asymmetry {#sec2-8}
---------------------

Results for hemispheric asymmetry are shown in **[Table 3](#T3){ref-type="table"}**. There was significant difference in the AR of the direct AF tract between the left and right hemispheres. Significant difference in the FA values of the direct AF tract was also found between the left and right hemispheres (*P* \< 0.05). Within respective age groups, the AR of the left direct AF tract was significantly increased with age in groups 3 and 5 (*P* \< 0.05) and the FA value of the left direct AF tract showed a significant increase in groups 4 and 5 (*P* \< 0.05). Anterior and posterior AF tracts showed no definite hemispheric asymmetry.

Discussion {#sec1-4}
==========

In the current study, using subcomponent DTI analysis, we investigated the radiologic developmental process of the AF. Our results can be summarized as follows: (1) AR and FA values of most subcomponent tracts of the AF showed a significant increase with age. (2) Subcomponent tracts showed a specific order of developmental process: First, posterior AF tract, second, anterior AF tract, and, last, direct AF tract in identical hemispheres. (3) In general, no significant difference was observed between male and female subjects. However, significantly increased AR and mean FA values were observed in female subjects than in male subjects in group 1. (4) Direct AF tract showed leftward hemispheric asymmetry and this tendency became conspicuous in older age groups.

Effects of age {#sec2-9}
--------------

A large number of typically developing subjects aged from 0.6 months old (infants) to 177 months old (adolescents) were included in this study. Therefore, we could investigate the developmental process of the AF from a very early age, when detailed clinical language evaluation was impossible, to older, linguistically developed age. Our results showing significant correlation of AF development with aging were in consistent with those of previous studies (Paus et al., 1999; Schmithorst et al., 2002; Eluvathingal et al., 2007; Lebel et al., 2008; Hasan et al., 2010). Our results also demonstrated the specific developmental sequence of the AF upon the subcomponent tracts. This might suggest that each AF subcomponent has different developmental patterns and critical periods upon maturation. A few previous studies have reported that, frequently, the right AF tract could not be analyzed in healthy volunteers (Nucifora et al., 2005; Powell et al., 2006; Hasan et al., 2010). Other previous studies using DTI have reported on the poor identifiability of the AF in pediatric patients (Gopal et al., 2012). We presume that these previous results are related to specific characteristics of the developmental process of the AF associated with aging, as shown in our study. That is, in the current study, complete development of anterior and direct AF tracts did not occur at an early age; therefore, the AR could have decreased normally. In addition, a difference of AR was observed between the subcomponent tracts, even at the same age.

Previous behavioral studies on language development have also reported on these sequential developmental patterns. That is, acquisition of comprehensive language ability precedes expressive language ability (Benedict, 1979; Tsao et al., 2004; Simms, 2007). Recent radiologic studies have demonstrated that the language process was related to several regional activations of various brain areas (Holland et al., 2001; Vigneau et al., 2006; Friederici, 2011; Lidzba et al., 2011). A study using fMRI reported by Vigneau et al. (2006) showed activation of the inferior frontal gyrus and lower precentral gyrus with phonological tasks, and activation of temporal areas with speech listening. Another study using DTI reported by Catani et al. (2005) suggested that impairment of left anterior AF tract can lead to failure of vocalizing and injuries of left posterior AF tract would result in failure of auditory comprehension. In the current study, the posterior AF tract was found to be located in the posterior portion of the entire AF tract, representing Wernicke\'s area, as described in previous studies. Anterior AF is located in the anterior portion of the whole AF tract, representing Broca\'s area. Our results regarding sequential developmental pattern of anterior and posterior AF and AF tracts were in agreement with those of previous behavioral and radiologic studies. We supposed that last maturation order of direct AF tract would be related to higher cognitive functional processes of language, such as connecting the comprehension center of Wernicke\'s area with the expression center of Broca\'s area.

Sex differences {#sec2-10}
---------------

No significant effect of sex on AF development was observed in overall subjects. This result was consistent with those of several previous studies using DTI, which did not show significant differences between males and females (Eluvathingal et al., 2007; Lebel et al., 2008; Hasan et al., 2010). In a quantitative study of 31 healthy children using DTI, Eluvathingal et al. (2007) reported no difference associated with sex. Hasan et al. (2010) investigated the microstructural change of white matter in healthy subjects and found no difference between sexes. In this study, AR of sex effect within respective age groups revealed significant differences in age group 1. These results would be related to previous behavioral studies of sex differences in language development. Johnson and Meade (1987) reported that females had precocity in language skills at an early age. Another study by Zambrana et al. (2012) reported that at 18 to 36 months of age, girls were superior to boys in language comprehension. These findings coincide with the results of our study, and we supposed that the sex difference becomes diminished as children growing up.

Hemispheric asymmetry {#sec2-11}
---------------------

The analysis for hemispheric asymmetry showed significantly higher AR and FA values for left direct AF tract, compared with right direct AF tract. In a previous study, using postmortem dissection investigation, Geschwind and Levitsky (1968) reported that the temporal region of the adult brain had leftward hemispheric asymmetries. Recent radiologic studies using various MRI techniques have reported leftward hemispheric asymmetry in the AF (Holland et al., 2001; Nucifora et al., 2005; Powell et al., 2006; Lebel and Beaulieu, 2009; Hasan et al., 2010). Paus et al. (1999) analyzed structural MRIs obtained from 111 children who ranged in age from 4 to 17 years and reported that maturation of fronto-temporal pathways was predominant in the left hemisphere. Another study using fMRI involving 7-to-18-year-old children reported left hemisphere dominance for language task; this lateralization showed an increase with age (Holland et al., 2001). Other studies using DTI in healthy adult volunteers also reported that the right AF tract was not frequently visualized and had lower FA values than the left AF tract (Nucifora et al., 2005; Powell et al., 2006; Lebel and Beaulieu, 2009). Our results were in agreement with those of previous studies reporting on leftward hemispheric asymmetry. In addition, we found that this leftward hemispheric asymmetry was mainly attributed to the asymmetry of the direct AF tract and it became apparent in older age groups.

In conclusion, AF subcomponents have specific developmental sequences, sex difference in younger age, and hemispheric asymmetry in older age. These results could provide valuable clinical information for understanding of AF development, and have important implications in terms of setting the rehabilitative strategy in patients with developmental language delay. To the best of our knowledge, this is the first study to report on the radiologic developmental sequence of the AF from the infancy using subcomponent DTI analysis. However, limitations of this study should be considered. The main limitation of the current study is a lack of uniform clinical data due to various ranges of age. Therefore, there is limitation to demonstrate the interaction between AF maturation and functional development. The age grouping of subjects and uneven subject number of each group are other limitations. Comparison by age grouping method was attributed to the characteristics of the developmental process of the AF. We originally attempted to investigate the correlation of parameters and aging without grouping. However, some subcomponent tracts could not be analyzed, especially in the young age group, statistical comparison for overall subjects was impossible due to uneven distribution of the analyzed number of subjects. Crossing fibers can prevent full reflection of the underlying fiber architecture. A previous study showed that crossing fibers can be detected in over 90% of white matter voxels (Jeurissen et al., 2010), and regions with complex crossing fiber tend to have lower FA values, compared with predominantly unidirectional white matter (Parker and Alexander, 2005; Yamada, 2009).We suppose that there could be crossing fiber effect for some pathways including the right anterior AF or direct AF. Therefore, further analysis with constrained spherical constrained spherical deconvolution should be made to more closely delineate the development process of AF. In-depth studies with larger case numbers including older subjects and more detailed clinical parameters should be performed to show the detailed whole developmental process of AF and the interaction between AF maturation and functional development.
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